Metabolic disorders commonly have a large heritable component, and have increased 22 markedly over the past few generations. Genome-wide association studies of metabolic 23 traits typically find a substantial unexplained fraction of the total heritability, suggesting 24 an important role for the effects of spontaneous mutation. An alternative explanation, 25 considered less likely, is that epigenetic effects contribute significantly to the heritable 
variation. Here we report a study designed to quantify the cumulative effects of generations. 43 MA lines and the G0 ancestor were included in this experiment.
129
Here, a set of 15 pseudolines (PS) of the G0 ancestor were included along with the MA 130 lines ( Figure 3A) . PS lines were generated by thawing a sample of the N2 ancestor and allowing 131 it 24 hours to recover from freezing, at which time 15 hermaphrodites were plated individually 132 onto 60 mm NGM plates seeded with 100 μl of an overnight culture of E. coli OP50 (P0 133 generation in Figure 3A ). P0 worms were allowed to reproduce until the bacterial food on the 134 plate was consumed (two generations; F1 and F2), at which time worms were cryopreserved 135 (F2) (HOPE 1999 This study includes six independent experimental tests: concentration and activity of two 141 enzymes (ADA and ADK), total protein concentration, and mass spectrometry of pooled 142 metabolites (Note: we were only able to include two of the three enzymes in the adenosine 143 pathway, ADA and ADK (Figure 1 ). We were unable to measure the activity of the third enzyme 144 in the pathway, adenosine phosphoribosyltransferase (APRT), because commercially available 145 assay kits require too much material to be practical for application to C. elegans. Accordingly, 146 six aliquots of protein (plus metabolites) were extracted and cryopreserved from the same 147 individual sample of each experimental replicate. Protein extraction was performed in five 148 blocks of 10-12 lines per block, to ensure that all samples were handled at the appropriate stage 149 of development (see below). In each protein extraction block, the lines selected were a random 150 mix of MA and PS lines; the experimental design is outlined in Figure 3B 
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P1 plate onto a 100mm plate (F1.1 in Figure 3B ). The F1 worms were grown for ten days (two 171 generations, F2.1 and F3.1 in Figure 3B ) of self-replication to ensure that F3 worms were gravid 172 and there were abundant eggs on the plate (F4.1 in Figure 3B ). Worms were washed from the 173 plate and "bleached" in an NaOH and sodium hypochlorite solution (SULSTON AND HODGKIN  174 1988) .This process kills all hatched worms by breaking down their cuticle and leaves only eggs 175 (F4.1 in Figure 3B ), resulting in a population that is closely synchronized in developmental 176 timing. Once F4 worms had been bleached, hatched, and reached the L4 stage, they were 177 washed five times in ion-free NGM buffer, mixed with protease inhibitor cocktail, and 178 homogenized via sonication (TANG AND CHOE 2015). Homogenized samples were centrifuged, 179 and the protein-rich supernatant was distributed equally into six cryovials and stored at -80 C°. formed from the breakdown of adenosine by ADA to produce uric acid. Uric acid concentration 211 is then measured via absorbance at 293nm once a minute for 45 minutes. Each kit is run with a 212 set of known concentration standards that are used to generate a standard curve. The quantity 213 of uric acid was then measured and used to calculate the activity of the ADA in a given sample 214 in units of nmol/min/μg, following the manufacturer's instructions. 215
ADA activity was assayed in six 96-well plates, each including a positive (manufacturer 216 supplied ADA) and negative (no sample) control. For one assay plate, the highest concentration 217 standard had an unusually low reading; we therefore omitted this point from the standard curve 218 for this assay. Omission of that point had no effect on the interpretation of the data because all 219 unknown samples had absorbance values greater than the second lowest standard. All of the 220 290 samples had maximum measured activity well below the highest concentration standard. The concentration of tubulin in a sample is commonly used as a loading control, and we 237 quantified tubulin in each sample for both enzymes (Tubulin antibody DSHB, E7). However, 238 tubulin concentration was not independent of treatment (MA vs. PS), so we treat it as an 239 experimental trait rather than a control (see Results). 240
(i) ADK concentration 241
The antibody used was Abcam's Anti-ADK antibody -C-terminal (Abcam, ab226187), which 242 was designed and tested in mouse and humans and which is homologous with the C. elegans 243 ADK protein, R07H5.8 .The assay resulted in multiple binding sites, with distinct bands at 244 ~100kd, ~37kd, ~25kd, and ~18kd (Supplemental Figure S2 ). To determine which of these 245 binding sites represented the C. elegans ADK, samples of each band were extracted from the 246 gel and analyzed using protein mass spectroscopy. Results were then analyzed using Scaffold 247 4; only the sample at ~37kd contained the worm ADK homolog (R07H5.8, molecular weight = 248 37.5 kd; Wormbase). 112 of the 246 samples did not contain sufficient ADK to be measured by 249
Western blot. These lines were tested in duplicate and failed to produce ADK bands both times, 250 so the low concentration of ADK is presumably a true property of the sample and not an 251 then mixed to give an appropriate working standard, which was then serially diluted to produce 290 standard curves. Peak area ratios were calculated by dividing the metabolite peak area by the 291 peak area of its isotopically labeled internal standard. Metabolite concentrations were calculated 292 by comparing these peak area ratios to the standard curves. 293 294
Data Analysis: 295 (i) Estimation of mutational parameters 296
To quantify the cumulative effects of mutation on individual traits, we calculated the per-297 generation change in the trait mean (ΔM, the "mutational bias") and the per-generation rate of 298 increase in genetic variance (VM, the "mutational variance"). Mutational bias is calculated as:
where zMA and z0 are the means of the MA lines and the G0 PS lines, respectively, and t is the 301 number of generations of MA (t=250) (LYNCH AND WALSH 1998). includes the effects of any residual segregating genetic variance, but also heritable epigenetic 307 effects and the heritable effects of genotype-environment correlation (LYNCH 1985) . 308
The mutational covariance between traits (COVM) is estimated analogously to VM, with 309 the among-line components of variance (VL) replaced with the among-line components of 310 covariance (i.e., the off-diagonal elements in the variance-covariance matrix). 311
(ii) Statistical analyses 312
Our primary interest is in the two enzymes, ADA and ADK. The enzyme activity assays 313 measure the composite effects of enzyme activity per se (i.e., the inherent kinetic properties of 314 the protein) and the concentration of the enzyme in the sample. For a given sample, the rate at 315 which substrate is converted to product depends on both the amount and the inherent activity of 316 the enzyme present. Because we have an independent measure of the amount of enzyme 317 present in the sample (from the Western blots), we can statistically partition the effects of 318 inherent activity from those of concentration by including enzyme concentration as a covariate in 319 a general linear model (GLM). The concentration of protein measured in the Western blot is 320 standardized by the total protein in the sample, so enzyme activity also needs to be 321 standardized relative to the total protein in the sample, which can be similarly included in a 322 GLM. The ADA activity assay includes total protein in the calculation of activity, so total protein 323 is not included in the GLM. The full GLM can be written as:
where yijkl is the measured activity of the enzyme in sample i, μ is the overall mean, ci is the 326 effect of the concentration of the enzyme in sample i (estimated from the Western blot of the 327 same sample), pi is the total protein concentration in sample i, bj is the random effect of assay 328 block j, ak is the fixed effect of MA group k (MA or PS), Ll|j is the random effect of line l given MA 329 group k, and εijkl is the residual effect. Variance components (VL and VE) and their standard 330 Technical replicates (i.e., samples of extracted material were split and assayed independently) 419 for some of the 290 biological samples were run for ADK activity, ADK concentration, and 420 tubulin concentration (in the ADK assay). In every case, the among-technical replicate variance 421 was much less than the within-line variance (Supplemental Figure S4) . Based on previous 422 experience with our metabolomics screen, technical replicate variance for the metabolic pools is 423 expected to be less than 5% for all metabolites except for GMP and uric acid which are 424 expected to be less than 10% (Eoin Quinlivan, Southeast Center for Integrative Metabolomics, 425
personal communication). 426
It is also extremely unlikely that residual segregating genetic variance could explain the 427 similar magnitudes of the among-line variance in the PS and MA lines. First, any residual 428 genetic variation would be equivalently partitioned among PS lines and MA lines, and would 429 contribute equally (on average, sampling variance notwithstanding). The MA lines were initiated 430 in March, 2001, at which time the G0 ancestor was expanded to large population size (three 431 generations) and cryopreserved. Over the intervening 16 years, the ancestor has been thawed, 432 re-expanded, and re-frozen several times. We do not know exactly how many times the 433 ancestor has been thawed/expanded/re-frozen, but five is a conservative (high) estimate. If we 434 assume that each expansion takes three generations and there have been five such 435 expansions, then any two PS lines will have diverged for 2x5x3=30 generations. In contrast, 436 any two MA lines have diverged for 2x(250+3)≈500 generations. 437
If technical and/or residual genetic variation cannot explain the among-line variance of 438 PS lines, the most likely remaining possibility is heritable epigenetic effects. We cannot rule out 439 a vertically-transmitted pathogen, such as a virus or an intracellular parasite, e.g., microsporidia. 440
However, there is no reason to expect variation in such a pathogen in long-term laboratory lines, 441 whereas there is abundant evidence for heritable epigenetic effects in C. elegans. Data were 442 collected on the F4 descendants of the most recent common ancestor of a line ( Figure 3B ; 443 Supplementary Table 1) , which means that any non-genetic short-term heritable effects that are 444 common to a line had to have been maintained for at least four generations, and perhaps since 445 the founder of the PS line six generations back ( Figure 3A) . Thus, effects common to a line 446 meet the definition of "transgenerational" effects (i.e. passed down to at least the F3, RECHAVI 447 AND LEV 2017). We return to the topic of epigenetic inheritance in the Discussion. 448 449
Among-line correlations 450
The absence of significant mutational variance precludes estimation of mutational covariances, 451 which was one of the underlying motivations of this study. However, because there is 452 Conversely, the general lack of significant mutational variance is unexpected, especially 482 because several traits show clear evidence for the cumulative effects of mutation on the trait 483 mean. The lack of mutational variation is not because there is no variation between MA lines. 484
The cumulative effects of mutation were not swamped by technical or microenvironmental noise 485 (i.e., residual variance; VE in the parlance of quantitative genetics). For most traits, the among-486 line variance of the MA lines is significantly greater than zero (Table 2) (HOULE et al. 1996) -whereas, we found no significant mutational variance. Clearly, the two 499 studies are at odds: they can't both be right, although they may both be wrong in different ways. 500
Admittedly, the methods of quantifying metabolite concentration were different in the two 501 studies; we used LC-MS in this study, whereas DAVIES et al. used GC-MS, but a poor workman 502 blames his tools. 
2dn09). 516
It is important to carefully consider the differences between the ways the ancestral 517 controls were treated in the two studies. At the outset of the DAVIES et al. study, in 2009, a 518 single cryopreserved sample of the ancestor was thawed in the Baer lab (Florida) and plated. 519
From that plate, a "chunk" containing hundreds of worms was transferred onto another plate 520 and sent to the Leroi lab in England, at which time worms were washed from the plate and 521 cryopreserved at -80° C. Later, one tube of the ancestor was thawed and plated onto a 100 mm 522 plate. When the population on that plate reached high density (2-3 generations), worms were 523 washed from the plate and "bleached" (SULSTON AND HODGKIN 1988) , and surviving L1 larvae 524 were chunked onto a new plate. From that plate, nine replicate plates were initiated from a 525 single individual, and the populations grown to high density (2-3 generations) and synchronized 526 by bleaching. Surviving L1s were plated and grown until worms reached young adulthood, at 527 which time worms were collected for extraction of metabolites. In this design, the nine replicate 528 plates are conceptually identical to the five replicates of each MA line, and the among-replicate 529 (=within-line) variance is the residual variance, VE. 530
In this study (depicted in Figure 3A ), 15 replicate plates were initiated from a single 531 individual, grown to high density (two generations), and cryopreserved. These are the 15 532 ancestral pseudolines (PS). Subsequent to thawing (depicted in Figure 3B ), the PS lines were 533 treated identically to MA lines, with five replicate plates per PS line initiated from a single 534 individual worm taken from the thawed plate. The replicates then were then propagated to the 535 F3 descendants of the original founder of the replicate, and their offspring (F4) collected for 536 analysis. The variation among replicates is the residual variance, VE. Any effects that are 537 common to a PS line (i.e., which contribute to VL) must necessarily have been maintained at 538 least since the replicates diverged from their most recent common ancestor four generations 539 previously, and potentially for as many as the six generations subsequent to the founding of the 540
PS lines. 541
We believe the source of the discrepancy in ΔM between the two studies is likely the 542 same as the source of the discrepancy in VM: short-term heritable, epigenetic variation. Nailing down the mechanistic cause(s) responsible for the epigenetic variation inferred 565 here would be both very interesting and very challenging, but it is beyond the scope of this 566 study. To do so would involve a multi-omics study, including whole-genome transcriptomics,metabolomics, proteomics, and ChIP-seq with a smorgasbord of histone-tag antibodies to 568 determine the underlying chromatin status. However, while we do not know the mechanistic 569 underpinning(s) of the epigenetic variation among the ancestral pseudolines, the fact that we 570 detected so much epigenetic variation suggests that it is an important consideration in mutation 571 accumulation studies, and more generally, in any quantitative genetic study in which phenotypic 572 variance is partitioned within and among genotypes. 573
In the only study comparable to this one, CLARK et al. (1995 , Table 3 MA lines. Contrary to our expectation based on the preceding evidence, neither of the two 583 metabolic enzymes we assayed (ADA and ADK) exhibited among-line variance for activity per 584 se in either the MA lines or the PS lines. Thus, for those traits, we cannot attribute the absence 585 of VM to the confounding effects of among-line variance in the ancestor. It is interesting that the 586 activity of these two enzymes is similarly unperturbed by both mutation and epigenetic factors. 587
However, neither ADA nor ADK was included in the CLARK et al. study; it is certainly possible 588 that had those enzymes been included in that study, they would have fallen in the group of 589 enzymes without significant VM. 590
We conclude with two thoughts. First, for this set of metabolic traits (enzyme activity 591 notwithstanding), a few generations of short-term heritable (presumably) epigenetic effects 592 swamp the signal of ~250 generations of accumulated mutations. Perhaps that should not besurprising: it is simply phenotypic plasticity, albeit of a different sort than evolutionary biologists 594 are used to thinking about. It does strongly suggest, however, that investigators doing MA 595 experiments need to be especially mindful of how the ancestor is treated. But also, second: 596 these findings cast the recent increase in human metabolic complex disease in a different light. 597
Although we remain skeptical of epigenetic variation as a general cause of "missing heritability", 598 it may be that metabolic traits are particularly susceptible to epigenetic regulation and are 599 worthy of closer scrutiny in that regard. 600
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Data Availability 602
Raw data are included in online supplemental file Supplemental Data and are deposited in 603
Dryad (URL XXX). 604 605
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